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Introduction
D-Amino acid oxidases (DAAOs) have an important role in several processes of interest in the fine chemical and pharmaceutical industry for drug discovery. They are used in the production of optically pure L-amino acids 1 and unnatural amino acids 2 , and the production of 7-aminocephalosporanic acid (7-ACA) 2, 3 which is a precursor of antibiotics with annual demand of approximately 100 t worldwide 3 . Therefore, DAAO stability is an important property for its industrial application.
Potential industrial use of enzymes in general is often limited by their instability under operating conditions. Consequently, enzyme properties have to be improved before their implementation at industrial scale 4 . Available stabilization strategies 5 are immobilization 6 , protein engineering 4 or chemical modification 7 , medium engineering by using additives, screening for enzymes from extremophiles and their isolation, as well as the production of stable enzymes in genetically manipulated mesophilic organisms.
Besides stabilization, enzyme immobilization enables several benefits for the industrial process, such as simplified product purification and easy enzyme recovery. It can also enable masking of sensitive enzyme residues against chemical reagents. This can be achieved by immobilization of enzyme on supports having large internal surfaces. In that case, the immobilized enzyme is in close contact with large support surface and may become less accessible to deleterious reagents 6 . This might also be useful for protection of oxidases against air bubbles 4 which may promote enzyme inactivation 8, 9 . The literature data suggests that gas bubbles cannot inactivate the enzymes immobilized on porous support 10, 11 and that is why such support was chosen for this work [12] [13] [14] . In our previous work 14 operational stability of soluble porcine kidney DAAO was investigated during D-methionine oxidative deamination ( Fig. 1) in the presence and absence of aeration. It was found that DAAO's activity decreases during oxidation and that oxygen concentration in the reaction solution affects the rate of enzyme activity decay; even though aeration is crucial to achieve higher reaction rates and to shorten the reaction time. The operational stability decay was the result of the combined effect of shear stress at the air-liquid interface, which may induce an irreversible aggregation of proteins and a negative effect of oxygen, which may lead to oxidation of protein residues. 14 The topic of this work was therefore the investigation of the operational stability of immobilized porcine kidney DAAO. DAAOs of various origin were immobilized 15, 16 on different supports with remarkable results. For example, a 600-fold
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improvement of stability was achieved for Trigonopsis variabilis DAAO by immobilization that combined adsorption on a support coated with polyethylenimine and treatment with glutardialdehyde 15 . However, as noticed by other authors 16 , a comprehensive analysis of operational stability of immobilized enzyme is most often missing. Thus, in this report the authors have focused on this topic, and not on the optimization of the immobilization procedure itself, although some groups of authors reported thorough studies on stability of immobilized enzyme 6, 15, 17, 18 . DAAO was immobilized on Eupergit C in this work. Operational stability of immobilized enzyme at different aeration conditions was investigated in the reaction of D-methionine oxidative deamination (Fig. 1) . Kinetic constants of immobilized enzyme were compared to that of soluble enzyme. Mathematical model of D-methionine oxidative deamination catalyzed by the immobilized enzyme was developed and validated in the batch reactor using estimated kinetic constants of immobilized enzyme. It enabled a more precise analysis of the experimental results and estimation of operational stability decay rate constant where necessary.
Experimental Chemicals
Catalase from Micrococcus lysodeikticus (dark brown solution, 65,000-150,000 units cm -3 towards hydrogen peroxide, E.C. . The analysis was performed at 30 °C. Standard solutions were prepared by dissolving appropriate masses of the D-methionine and 2-oxo-4-methylthiobutyric acid in redistilled water. Samples taken from the reactor were diluted with hydrochloric acid (0.1 mol dm -3 ). Retention times of D-methionine and 2-oxo-4-methylthiobutanoic acid were 2.7 and 9.3 minutes, respectively.
Determination of oxygen concentration in the reactor
Oxygen concentration was monitored by using the Clark oxygen electrode (Ingold, model 34,100,3002 Metler Toledo). The oxygen saturation level, shown as a percentage, was recalculated to mmol dm -3 of oxygen by using literature data 20 . Conductivity of the reaction solution was determined for that purpose (20.4 mS cm -1 ) at 30 °C. The reaction solution consisted of buffer, substrate, product and immobilized enzymes. The electrode was immersed in the solution during the experiments. Oxygen concentration at saturation was 0.219 mmol dm -3 . The reactor set-up is described in detail in section entitled Reactor experiments.
Determination of protein concentration
Protein concentration in soluble DAAO and catalase samples was determined according to Bradford 21 . Albumin from bovine serum was used as standard. The method was used to determine the amount of protein in the initial sample prepared for immobilization, as well as the amount of proteins after immobilization.
D-Amino acid oxidase activity assay for the soluble enzyme
The DAAO enzyme kinetics of the soluble enzyme was measured according to the peroxidase-o-dianisidin assay 22 . The reaction mixture contained buffer-substrate solution ( ) and filtered through a filter paper (grade 1), and the protein concentration in the filtrate was measured according to the Bradford method 21 . The overall percentage of protein immobilization in all cases was calculated according to the immobilized protein concentration divided by the initial protein content. Immobilization efficiency was defined as the ratio of actual enzyme activity measured for the immobilized enzyme and the theoretically expected value (activity of the same amount of soluble enzyme). Actual enzyme activity is the activity of the immobilized enzyme determined by the initial reaction rate method, while the theoretically expected value corresponds to the activity of the same amount of soluble enzyme. The immobilization efficiency, as well as the overall percentage of protein immobilization are given in the results for each experiment, as well as in the figure legends for each experiment, and are in good agreement regarding reproducibility of the immobilization procedure.
Reactor experiments D-Methionine oxidative deamination experiments were carried out in a 50-cm 3 batch reactor supplied with a magnetic stirrer and thermostated at 30 °C (Fig. 2) without aeration, and with aeration at zero, 5, and 10 dm 3 h -1 air flow rates. The reactor was a round-bottom Schott Duran glass bottle with 100 cm 3 capacity, 56 mm diameter, height 105 mm, and DIN-Thread GL 45. The air flow rate was adjusted by using the air flow meter. The reaction media was 0.2 mol dm -3 phosphate buffer pH 8.0. The oxygen concentration in the 50 cm 3 reactor was monitored by using the Clark oxygen electrode (Ingold, model 34,100,3002 Metler Toledo). The reactor was placed on the magnetic stirrer at 600 rpm. Aeration, respectively the oxygen supply, was performed by using an air compressor (Super Silent Profi 66, Rheinland Elektromaschinen Group, Germany). The defined amount of fresh immobilized DAAO and catalase were added to the reactor to start the reaction. Concentrations of D-methionine, 2-oxo-4-methylthiobutyric acid and oxygen were monitored by the previously described methods. Detailed reaction conditions are presented in the legends of Figs. 3-5. The same reactor set-up was used to determine the overall oxygen volume transfer coefficient. These experiments were carried out at zero, 5, 10, and 15 dm 3 h -1 flow rates. Air was supplied through the perforated plastic ring air distributor of diameter 3 cm containing 15 uniformly distributed holes with a diameter 0.7 mm as shown in Fig. 2 .
Determination of the overall oxygen volume transfer coefficient (k L a') by the integral method
The overall oxygen volume transfer coefficient (k L a') was estimated from the measurements carried out at zero air flow rate, and 5, 10 and 15 dm 3 h -1 , respectively in the previously described experimental set-up. The integral method based on the oxygen mass balance in the batch reactor (Eq. 1) was used for that purpose. The following procedure was used: the oxygen was completely removed from the solution by purging with nitrogen. After its concentration had dropped to zero, the aeration started at the selected air flow rate. The concentration of oxygen started to rise and from its time dependence, the oxygen volume transfer coefficient was estimated. The reaction solution contained 400 mg of enzyme carrier (without enzyme) to closely replicate the reaction conditions. No air flow was used to determine the k L a' at zero flow rate. The oxygen was removed from the reaction solution at the beginning, and then the process of oxygen saturation in the solution was monitored in time. By using the oxygen balance (Eq. 1), k L a' at zero flow rate was estimated.
Kinetics of the immobilized D-amino acid oxidase
The kinetics of the immobilized enzyme was measured according to the initial reaction rate method. The reaction rate was determined with 10 mmol dm -3 D-methionine as a substrate. The substrate concentration was monitored by HPLC in the initial part of the reaction (conversion less than 10 %). The specific activity of immobilized enzyme was determined from these data according to the Eq. 2. For the purpose of kinetics determination, the influence of substrates (D-methionine and oxygen) and product (2-oxo-4-methylthiobutyric acid) on the initial reaction rate was evaluated. To determine the influence of each compound on the initial reaction rate, one set of experiments was carried out. In each set of experiments, the initial concentration of one compound (D-methionine, oxygen or 2-oxo-4-methyl thiobutyric acid) was changed and the reaction was monitored in its initial part (substrate conversion less than 10 %). The amount of immobilized DAAO used in these experiments was 10 mg. The concentration of D-methionine was varied in the first series of batch experiments up to 10.319 mmol dm -3 with 7 experimental points. The batch experiments were carried out for 30 minutes, and all were done in triplicate. The experimental error was below 10 %. Prior to the initialization of experiments, the solution containing the buffer and substrate was saturated with air. When measuring the influence of 2-oxo-4-methylthiobutyric acid on the initial reaction rate in the second series of experiments, the initial concentration of D-methionine was 10.002, and of oxygen 0.219 mmol dm -3 , respectively. 2-Oxo-4-methylthiobutyric acid was varied up to 10.021 mmol dm -3 with 8 experimental points. The specific activity of immobilized enzyme was calculated from the initial linear slope of the product concentration vs time curve by using the Eq. 2. 
The oxygen concentration in the reaction solution was varied in the third series of batch experiments up to saturation i.e., 0.219 mmol dm -3 . The initial concentration of D-methionine in these experiments was 10.002 mmol dm -3 . The oxygen concentration was adjusted by using nitrogen (nitrogen was used to lower the oxygen concentration and air was used to increase it) and air compressor. After the initial concentration of oxygen was set, the reaction was started by the addition of 10 mg of immobilized DAAO. The oxygen concentration was monitored in the initial part of the experiment, to determine the initial reaction rate. From the concentration change during that time, the value of the initial reaction rate was estimated. Eq. 3 was used for that purpose. The equation indicates that oxygen dissolves in the reaction solution during the reaction ( k a c c
, and it is spent at the same time due to the enzyme catalyzed reaction (-r 0 ). 
Mathematical model and data processing
The overall reaction rate of D-methionine oxidation catalyzed by DAAO in the presence of catalase was described with a simplified double substrate Michaelis-Menten equation (the reaction rate r -Eq. 4). Considering that the estimated value of Michaelis constant for oxygen is quite high in comparison to the concentration of saturation, a simplification of the kinetic model expressed by Eq. 5 was done. Kinetic equation 6 presents the reaction rate of hydrogen peroxide degradation. Hydrogen peroxide evolves in the reaction of D-methionine oxidative deamination, which is described by the reaction rate r, and it is degraded in the cat-alase catalyzed reaction described by the reaction rate r 1 .
Since the mechanism of the enzyme activity decay was not studied, the simplest first-order kinetic model was used to describe the enzyme activity decay (Eq. 7). Mass balances for D-methionine and 2-oxo-4-methylthiobutyric acid in the batch reactor are presented by Eqs. 8 and 9. The mass balance for oxygen is presented by the Eq. 10, and it can be divided into three separate parts; oxygen is spent in the enzyme catalyzed reaction; oxygen dissolves in the reaction solution and the rate of the process is described by the oxygen volume transfer coefficient; and oxygen evolves in the reaction of hydrogen peroxide degradation. The mass balance for hydrogen peroxide is presented by the Eq. 11.
The model parameters were estimated by non-linear regression analysis and optimized by using Simplex and Least Squares method implemented in SCIENTIST software 24 . They were evaluated by fitting the mathematical model to the experimental data. A non-linear least squares fitting was performed using a modified Powell algorithm to find a minimum of the sum of squared deviations between observed data and model calculations. The expression for calculating the sum of squared deviation is presented by the following equation:
where n is the number of data points and y is the algebraic mean of the y data column. The "Episode" algorithm implemented in SCIENTIST software was used for simulations. Kinetic parameters K m , V m and K i were estimated by performing different initial reaction rate experiments, and by using the non-linear regression: K m and V m were estimated from the initial reaction rate vs substrate concentration, K i from the initial reaction rate vs product concentration. The linear part of the concentration vs time curve was taken to calculate the initial reaction rate. Operational stability decay rate constant, k d , was estimated directly from the batch experiments in which activity decay was present (Fig. 3, third batch; Fig. 4, fourth batch) . Otherwise, the mathematical model of the system was used only for simulation of experimental data. The goodness of fit is evaluated by the calculation of statistical data such as: R 2 , correlation, coefficient of determination, standard deviation of data, model selection criteria etc., which are all available and calculated by the SCIENTIST software. These values are presented in the results for each experiment in the batch reactor carried out with and without aeration.
Results and discussion

Overall oxygen volume transfer coefficient
The overall oxygen volume transfer coefficients were estimated from the independent experimental data in the absence of enzymatic reaction at different air flow rates, and are presented in Table 1 . k L a' is an important parameter used in simulations of the experiments carried out in the batch reactor. The estimated values show that the system is suitable for D-methionine oxidation by DAAO. Table 2 presents the estimated kinetic parameters for the soluble and immobilized enzyme. The kinetic parameters of soluble enzyme estimated in this work at pH 8 are compared with the parameters obtained for immobilized enzyme. The efficiency of protein immobilization was about 96 % and DAAO retained approximately 11.3 % of initial activity of soluble enzyme (immobilization efficiency). This was expected due to the formation of covalent bonds, which are non-selective and may destroy the active site of the enzyme 25 . Immobilized enzyme had 5.8 fold higher apparent Michaelis constant for D-methionine, which implies that it had lost its affinity towards this substrate. As for oxygen, it was found that the dependence of specific activity on oxygen concentration can be described by the linear relationship, i.e. first-order kinetic model, and that is why there is no Michaelis constant for oxygen in Table 2 . The kinetic constant k represents the reaction rate constant of the first order. The active site of enzyme probably became less available to substrates (due to immobilization), and that is the reason for lower affinity towards O 2 . 25 It was also found that the immobilized enzyme was not inhibited by 2-oxo-4-methylthiobutyric acid. The literature confirms that immobilization can minimize or prevent enzyme inhibition 4 , which in our case is probably due to small distortion of the enzyme active site after immobilization. By knowing these parameters, it can be concluded that air (oxygen) saturation concentration will not be enough to reach maximum reaction rate in the reactor, and aeration is necessary. Considering the gathered data, a kinetic model has been proposed for oxidative deamination of D-methionine in the form of simplified double substrate Michaelis-Menten kinetics (Eq. 4). (approx. 50 % of oxygen saturation) 14 , which normally happens when amino acid concentration lowers (near the end of reaction), and the reaction rate decreases. The dissolution of oxygen from air continues and oxygen cannot be spent because the other substrate is almost gone. Thus, it was shown by our previous work 14 that the concentration of oxygen in the reactor is an important factor for DAAO stability. Consequently, the enzyme was immobilized and its operational stability was tested at similar conditions. The efficiency of protein immobilization for DAAO and catalase was found to be 96 % and 84 %, respectively. The immobilization efficiency of DAAO was 12 %. The results presented in Fig. 3 show that the oxygen concentration dropped very fast at the beginning of the experiment, and remained low until D-methionine was almost spent. It took 10 hours to reach 100 % D-methionine conversion. The reaction rate is limited by oxygen concentration, and its dissolution in the reaction solution. Therefore, aeration is necessary to increase the reaction rate. The mathematical model (kinetic equations 4 and 6, mass balance Eqs. 8-11) simulated the data well. This was confirmed by the statistical data calculated by the software presented in Table 3 . Operational stability decay was not included in the mathematical model, as it did not occur. Under conditions with no oxygen (air) supply, the dissolved oxygen concentration increased after approximately 500 min (Fig. 3) . This was expected, since oxygen is no longer spent in the reaction. DAAO from porcine kidney is an enzyme extremely sensitive to aeration and oxygen concentration in the reaction solution, and the enzyme operational stability decay rates are so high that, in some cases, complete D-methionine conversion cannot be achieved 14 . Immobilized DAAO and catalase were used in the repetitive batch experiment of D-methionine oxidative deamination with continuous aeration at 5 dm 3 h -1
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. The overall percentage of immobilized proteins for DAAO and catalase was 96 % and 84 %, respectively. The immobilization efficiency for DAAO was 10.2 %. The results are presented in Fig. 4 . Oxygen concentration drops at the beginning of the experiment but not as low as in the experiment without aeration. The initial reaction rates were calculated from the experimental data (Fig. 4) in each batch, and are presented in Table 4 . There was no significant difference between these values for the immobilized enzyme, so it can be stated that the enzyme had stabilized. However, if the initial reaction rates in this experiment are compared with the one estimated from the batch experiment carried out with soluble enzyme (Table 4) , it can be concluded that the enzyme activity was significantly lowered by the immobilization procedure. Nevertheless, the immobilization procedure improved enzyme stability against damage made by gas/liquid interface 14 . The experiments were simulated with the developed mathematical model (kinetic equations 4 and 6, mass balance equations 8-11), and the model described the experimental data well in the first two batches. However, to simulate the third batch, enzyme operational stability decay of the first order (Eq. 7) was introduced, and such mathematical model described the data well. The statistical data for the model are presented in Table 5 , and the difference in goodness of fit in the cases without deactivation and with deactivation can be observed. The operational stability decay can be also observed from the duration of batches, since the initial concentration of D-methionine was similar in all experiments. In the first and the second batch, it took about 220 minutes to convert all D-methionine to 2-oxo-4-methylthiobutyric acid. In the third batch, this time was somewhat prolonged to 240 minutes (Fig. 4) . The enzyme operational stability decay rate constant was estimated, and is presented in Table 6. Compared to the inactivation of the soluble enzyme, the enzyme activity decay of immobilized enzyme was 3.5 slower in the third experiment 14 . It has to be emphasized here that the immobilized en- The results of the conversion experiment are presented in Fig. 5 . Overall percentages of immobilized proteins used in this experiment were 98 % and 55 % for DAAO and catalase, respectively. Immobilization efficiency of DAAO was 12.3 %. Four consecutive experiments were carried out with these immobilized enzymes. The immobilized enzyme was found to be stable according to the initial reaction rates estimated from the experimental data presented in Table 7 . In four consecutive experiments, the initial enzyme activity was constant.
The mathematical model (kinetic equations 4 and 6, mass balance equations 8-11) was used to simulate the data. It was successful in the first three batches. During the fourth batch, experiment enzyme activity decay of the first order (Eq. 7) had to be included in the model to describe the experimental data well. The statistical data related to the goodness of fit are presented in Table 8 , and the difference between the model with and without enzyme activity decay can be observed. This shows that, even though the initial reaction rates were similar, a slight operational stability decay occurred. This op- erational stability decay can also be observed from the time necessary to convert all D-methionine. In the first three batches, it took approximately 150 minutes for this to occur, while in the fourth batch, a longer time was necessary. The operational stability decay rate constant is presented in Table 6 . If it is compared to the enzyme operational stability decay rate constant of the soluble enzyme at the same conditions, the constant for the immobilized enzyme is 4.1-fold lower 14 . Besides that, enzyme operational stability decay was noticed after approximately 10 hours of continuous use. 
Comparison of volume productivities in the conducted experiments
From the data presented in Figs. 3-5 , the volume productivities were calculated by dividing the mmoles of the synthesized α-keto acid by the reaction volume and the time necessary to achieve full substrate conversion. The results presented in Table  9 show that aeration increased the reactor productivity, and the highest was achieved when the air flow rate was at 10 dm 3 h -1
.
Conclusion
It was shown that immobilization of porcine kidney DAAO on particles of Eupergit C can be used to stabilize DAAO against inactivation on the air/liquid interface. The enzyme's affinity towards substrates (D-methionine and oxygen) had been lowered after immobilization. The developed mathematical model described the data well. It enabled the estimation of the operational stability decay rate constants. The operational stability decay occurred with the prolonged use of the immobilized enzyme. However, it was significantly lower than it was in the case of soluble enzyme. 
